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Abstract. Electronic structure of the SiC epitaxial nanolayer synthesized by a new method of 
the atom substitution in silicon crystal lattice has been first studied in situ in an ultrahigh 
vacuum using synchrotron radiation photoemission spectroscopy with photon energies in the 
range of 60–400 eV. Features of photoemission from the valence band and from both the 
Si 2p, C 1s core levels were revealed and shown to be provided by the high-quality clean 
SiC(111) sample with Si-rich surface. The photoemission from a surface state extending from 
the valence band maximum into gap was found. Three surface-related components of Si 2p 
core level were found. Only one surface component of the C 1s core level was found that 
indicates on one position of C atoms near the surface. The results support the full Si adlayer 
structure model of the SiC (111) surface that is characterized by Si- double layers, Si-dimers 




Production of high-quality wide-band gap semiconductor films of silicon carbide SiC, and 
others on silicon substrates is one of the substantial problem of micro- and opto-electronics. 
SiC is a very remarkable candidate for high power devices that can function under extreme 
conditions such as high temperature, high voltage, high power and frequency. Furthermore, 
SiC can be considered as promising material for biophysics applications owing to its low 
weight, high strength and extreme hardness [1-3]. Most of applications are oriented toward 
thin film geometries, where the surface and interface properties are of most important. All 
these applications require thorough studies of surface properties of SiC layers, and in 
particular, the interface formation. However, the surface electronic structure of SiC remains 
not clear and needs better understanding.  
Solution of the problem will give the opportunity to integrate a number of new 
semiconductor materials in silicon electronics. The main obstacle to growing the low-
defective SiC films on Si is the elastic stresses arising due to mismatch of the lattice 
parameters of semiconductor layer and silicon substrate. It forces engineers to develop very 
expensive methods to decrease elastic stresses using a variety of masks and buffer layers. 
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However, grown wide-gap semiconductor films contain many misfit dislocations yielding a 
significant degradation of the electro-physical properties of semiconductor materials. In this 
paper we present first photoemission studies of the SiC epitaxial nanolayer synthesized by a new 
method of the atom substitution in silicon crystal lattice 
 
2. Conception of new method for growth of SiC epitaxial nanolayers  
A new method was developed for the solid-phase synthesis of epitaxial layers when the 
substrate itself was involved into a chemical reaction and the reaction product grown in the 
interior of substrate layer [4, 5]. It was eliminated that the most advantageous location of the 
dipoles is the direction (111) in crystals with cubic symmetry. In the condition, the relaxation 
of the elastic energy is carried out due to attraction of point defects formed during the 
chemical reaction in anisotropic media. 
The theoretically and experimentally implements of a completely new method of 
growing defect-free silicon carbide films on silicon substrate was proposed in the review [5] 
and references therein. The matter of this approach is based on the idea of preliminary 
incorporation of point defects into the crystal lattice of the silicon substrate. Such defects are 
both the C - carbon atoms placed in the Si interstitial positions and vacancies formed as a 
result of removal of one of the Si atoms. In the case of defects attracted to each other by the 
elastic interaction in the Si matrix, the resulting elastic energy caused by their incorporation 
into the substrate host is significantly lower than the energy of no interacting defects. It is 
well known that the spherically symmetric dilatation centers do not interact with each other at 
all in an isotropic medium of infinite size. 
It was shown that dilatation centers can attract to each other in substantially anisotropic 
media, such as the crystal with the cubic lattice symmetry that provides the considerably 
decreasing the total elastic energy. These attractive centers form stable objects of a new type, 
namely, the elastic dilatation dipoles. The elastic energy of the system using heteroepitaxy of 
the SiC film on the cubic Si substrate is calculated as the example. It is shown that the elastic 
energy can relax completely only due to the ensemble of dilatation dipoles.  
It has been proven in [5] that the total elastic energy of a crystal during the formation of 
interacting defects inside its volume is  
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Here CE  and vE  are the elastic energies of the lattice distortion by the carbon atom and the 
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where μSi is shear modulus of Si, Kd is the defect modulus of bulk compression, Vd is the 
defect volume occupied in silicon, V
Si
 is the volume per a single atom in silicon, V
m
 is the 
dimension of the interstitial position. For the interstitial solid solution, instead of the 
difference V
d
 − VSi, it is necessary to use the quantity Vd − Vm, where Vm is the dimension of 
the interstitial position. V is a certain volume that in the framework of the theory of elasticity, 








x r   are the cosines between the axes x, y and z and a direction of the line 
connecting the centers of interacting defects:  
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where c11, c12, and c44 are the elasticity moduli of the cubic crystal, r = x’ − x is the position 
vector between the points x’ and x and η= (c11 − c12 − 2c44)/c44 is the crystal anisotropy 
parameter and ΩI,II are the capacities of the first and second point defects. The expression 
4 4 4cos cos cos 3 5x y z      reaches the minimum equal to -0.27 in the direction <111> 
that corresponds to an attraction of similar defects. The maximum of the expression equal to 
0.4 is reached in the direction <100> corresponding to a repulsion of similar defects. Also it 
has a saddle point -0.1 in the direction <110>. Therefore, the direction <111> represents the 
most energetically favorable for similar point defects. It corresponds to a situation when C 
atom is located along (110)  plane and under (111) planes in an interstitial position, whereas a 
vacancy is located along <111> direction with respect to it. In this case, the attraction between 
the silicon vacancy and the carbon atom (both of them are compressing dilation centers) 
reaches its maximum. The considered dilatation dipole provides the maximal relaxation of the 
elastic energy [5]. This mechanism of elastic energy relaxation is extreme efficient. Indeed, if 
dilatation centers do not attract to each other, the total elastic energy per SiC molecule is 
0.22 eV
dil
W  . But if one part of the dilatation dipole is the carbon atom, the elastic energy 
per SiC molecule is 0.13 eV
dip
W  . Every 8 atoms of Si in the original matrix could be 
replaced by no more than 4 dilatation dipoles. Therefore, the relaxation maximum of the 
elastic energy due to dipoles corresponds to ΔW=(Wdil-Wdip)/2=0.2 eV per one molecule of 
SiC. It is shown, that the elastic energy can relax completely by dilatation dipoles because 
0
dil
W W  . 
The life time of dilatation dipoles at temperatures 1100–1250 °C is about 1~ 10 1   s, 
that is three orders of magnitude larger than the formation time of the first SiC monolayer. So, 
the elastic dipoles play a role of ordering epitaxy centers. In the opposite case, the point 
defects repel being located along the <100> direction. In this situation, dipoles cannot arise 
and increase the elastic energy that leads to layers disorientation. In order to provide the 
effective application of a new relaxation mechanism of elastic energy due to the interaction 
between point defects, we propose the SiC deposition process not from the vapor phase but 
immediately from the matrix of the single crystalline Si substrate due to the chemical reaction 
between crystalline Si and gaseous carbon monoxide CO: 
 
2Si(solid)+CO(gas)=SiC(solid)+SiO (gas) .          (5) 
 
This reaction has been selected [5] because of the fact that the forming gaseous silicon 
monoxide SiO partially carries the atoms from the Si matrix inducing vacancies. 
Simultaneously, gaseous carbon monoxide CO is the source  of carbon atoms C arranged in 
atomic voids of the silicon lattice. Both the Si vacancies and incorporated C atoms are the 
compressing dilatation centers in the cubic Si lattice and interact with each other. The 
chemical reaction (5) originates in two stages. At the first stage, the intermediate compound 
consisting of activating complex, namely, Si vacancy – C atom – Si matrix is formed. 
C atoms are placed in interstitial positions of Si matrix. At the second one the activating 
complex transforms into SiC, and released Si vacancies merge into pores in Si under the layer 
of SiC. It is revealed that the activating complex consists of the ensemble of dilatation dipoles 
ordered by the original Si matrix. The transition of the activating complex into both the SiC 
and pores is the structural phase transition of shifting type. In this phase transition the 
ordering of SiC molecules is followed by the original crystalline Si matrix. The mechanism of 
heterogeneous chemical reaction between gas and solid was investigated on using the 
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reaction (5). Conditions are found at which the dislocation-free growth of SiC films on Si 
substrates takes place. The new synthesis method proposed in [4] is fundamentally different 
from all currently existing methods of growing the SiC films on Si substrates.  
Chemical components required for growing the SiC films on Si are supplied to the 
surface of the substrate when standard techniques are used. Therefore, the SiC films grow on 
the top surface of Si by the use of standard techniques. Using the new proposed method, the 
SiC layer is increased from inside the Si substrate that represents the different mechanism of 
SiC film growth. According to [5], this other mechanism allows us to grow not only 3C-SiC 
polytype, but some of its hexagonal polytypes. 
Photoemission spectroscopy is an effective tool in observing electronic structure of both 
the semiconductor bulk and surface. Electronic structure of SiC(111) surface is insufficiently 
studied in contrast to the well investigated 6H-Si(0001) and Si(100) surfaces (see, for 
example [6-11]). Only a few works devote to investigate valence band and Si 2p, C 1s core 
level spectra for SiC(111) [12-17]. Valence band structure of SiC(111) has been determined 
by XPS [15-17]. The photoemission studies of electronic structure of SiC(111) samples 
grown using new method have not been carried out yet. These issues are of great importance 
from fundamental and applied viewpoints. In this work, the first photoemission studies of the 




Photoemission studies were carried out at BESSY II, Helmholtz Zentrum, Berlin using the 
synchrotron radiation with photon energies in the range of 80–400 eV. Experiments were 
performed in situ in an ultrahigh vacuum of 5 x 10
-10
 Torr at room temperature. The spectra 
were collected in normal emission. For the new SiC nanolayer the photoemission spectra from 
the valence band (VB), spectra of surface states and Si 2p, C 1s core-level spectra were 
recorded. A total energy resolution of better than 100 meV is used. 
The single-crystal nano - SiC(111) epitaxial layer with the thickness of 70 nm has been 
grown on silicon (111) substrate owing to the chemical reaction with carbon monoxide. 
Grown high-quality single-crystal silicon carbide films do not contain misfit dislocations 
despite the huge lattice mismatch value. Also the possibility of growing of thick wide-gap 
semiconductor films on such templates SiC/Si(111) exists. Structure of SiC sample was 
ascertained by angle spectroscopic ellipsometic method and by roentgen microanalysis. 
Surface morphology of the sample was characterized by REED and atomic force microscopy 
AFM [4]. 
 
3. Results and discussion  
Overview of the normal photoemission spectrum for the clean SiC(111) epitaxial layer at 
excitation energy of hν = 450 eV is presented in Fig. 1. 
The spectrum clearly shows the main Si 2p, Si 2s and C 1s core level peaks and denotes 
a lack of foreign contaminations. As can been seen, the photoemission from the valence band 
(VB) has small intensity and could be studied at lower excitation energies. 
A number of first-principles calculations of the SiC(111) band structure and the density 
of states (DOS) have been performed [18-23]. Calculations based on the density functional 
theory within the local density approximation combined with an approach for correcting the 
band-gap have predicted such peculiarities. Moreover, these calculations showed that the 
surface structure below the Fermi level could be explained by Si-dangling bonds of SiC(111) 
surface [21-22]. However, more efforts should be made to explore and understand these 
results. 
Figure 2 represents more detailed spectra of SiC in the valence band region at different 
excitation energies. A broad band of width ~ 10 eV is obtained. 
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Fig. 1. Normal photoemission spectrum for the SiC(111). Excitation energy hν = 450 eV. 
 
The energy position of the valence band maximum EVBM at the surface is determined by 
extrapolating a linear fit to the leading edge of the valence band spectrum. For the clean SiC 
sample the spectra are characterized by the weakly structured band in the binding energy 
region of 0 ÷ 9 eV below EVBM with major peak at 3.8 - 4.0 eV and two feebly marked 




Fig. 2. The valence band photoemission 




Fig. 3. Decomposition of photoemission 
spectra for the SiC(111) at different 
excitation energy: (a) hν = 80 eV and (b) hν = 
130 eV. Dots represent experimental data and 
solid lines represent fitting results with fitting 
components. 
 
The similar UPS result was obtained for the single-crystal SiC(111) surface [15-17] and 
for the SiC(100) surface [9]. In addition to these photoemission studies the valence band 
spectrum with two clearly defined maxima is observed by XPS [11, 15]. The difference 
between UPS and XPS spectra can be related to the significant contribution in UPS results of 
both the surface and near surface region. The shape and the bandwidth of the valence band 
spectrum coincide well with results reported earlier [9, 10, 15, 25]. 
Result of a decomposition of normal photoemission spectra in the valence band region 
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for the SiC(111) epitaxial layer is represented in Fig. 3 a,b. We used two excitation energies 
(a) hν = 80 eV and (b) hν = 130 eV. The decomposition is carried out by separation of 
individual peaks according to the method published in [27] using Gaussian and asymmetric 
Gaussian functions. Data indicate the broad mayor maximum at energy of ~ 3 eV and 
additional peak with small intensity at energy of ~ 6 eV. Analysis of the spectrum coupled 
with DOS calculations [18] shows that both peaks can be associated with photoemission from 
the valence band. The analogical shape of the VB spectra was obtained for the SiC(111) [15] 
and for another surface reconstructions of SiC [9, 10]. 
Spectra show also the photoemission peak extending from energy region near EVBM to 
gap. This peak labeled SS at binding energy of –0.5 eV is essentially increased in intensity as 
the excitation energy becomes less (Fig. 3a). A careful quantitative analysis shows that peak 
SS can be originated from a surface state. Under the assumption that shoulder SS is due 
mainly to intrinsic surface states, the results concur with theory [27] indicating a tail of Si 3p 
states extending from EVBM to gap. Therefore, the peak SS can be originated from the Si 
surface dangling bonds.  
Figure 4 shows photoemission spectra of the C 1s core level for the SiC(111) nanolayer 
and their line shape fits obtained at excitation energies of 330 eV and 450 eV. The C 1s core 
level spectrum is composed of two main components. The clear double structure is found 
indicating difference in the position of C atoms in the bulk and on the surface. The component 




Fig. 4. Photoemission spectrum of the C 1s 
core level recorded from the SiC(111) at 
different excitation energies: (a) hν = 330 eV 
and (b) hν = 450 eV. Dots represent 
experimental data and solid lines represent 
fitting results with fitting components. 
 
Fig. 5. Photoemission spectrum of the Si 2p 
core level recorded at different excitation 
energies: (a) hν = 130 eV, (b) hν = 200 eV 
and (c) hν = 450 eV. Dots represent 
experimental data and solid lines represent 
fitting results with fitting components. 
 
An additional component S at about 282.5 eV can be associated with carbon atoms located 
near the surface region. The S component is shifted to the smaller binding energy by 
1.6 ± 0.1 eV from the bulk B component which is an average value obtained from different 
SiC surfaces. 
The intensity ratio of these components B/S is, however, rather arbitrary, since this 
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depends on the choice of the excitation energy. The increase in intensity ratio B/S at 
excitation energy of 450 eV can suggest the Si-rich surface with two Si surface layers [23]. If 
we take this result as evidence of a core-level shift in the third C layer, then the bonding 
between the second layer Si and third layer C is suggested to be less ionic than in the bulk. It 
is not reasonable to assign this S component as due to the graphite contamination since the C 
1s binding energy of graphite was found to be ~2 eV larger than that of the carbon bulk 
component B [12-15, 17]. 
For the Si(111) surface three models of atomic reconstruction take place [23]. Until 
now, the correct type of atomic model is not known. It should be noted that the bulk structure 
of the SiC(111) is the same as that of Si except that Si double layers are replaced by Si-C 
bilayers, accompanied by a reduction of the lattice parameter. Therefore S- component of the 
C 1s core level can be corresponded to C-layer extended under Si – surface bilayer.   
Figure 5 shows photoemission spectra of the Si 2p core level taken at different photon 
energies. The spectra could be fitted using a single spin-orbit split doublet and the spin-orbit 
splitting of the Si 2p 1/2 and Si 2p 3/2 components can be determined as ~0.6 eV. Three 
surface components are found for the Si 2p core level spectra. Previously two surface 
components were obtained for the Si(111) surface [13, 15].  
Due to the difference in electron depth for the various excitation energy, we can predict 
that the energy of 450 eV corresponds to the bulk sensitivity excitation in contrast to the 
surface sensitivity excitation at 130 eV. Figure 5c shows the bulk component labeled B at 
energy of 100.8 eV and beside one surface shifted component S1 at energy of 102.2 eV. The 
peak labeled S1 is most easily seen in the surface sensitive spectra, and it is present in all the 
spectra by excitation from 130 eV to 450 eV (Fig. 5 a,b,c). The S2 component appears as a 
shoulder on the high binding energy side of the B peak (Fig. 5b). The spectrum exhibits the 
significant evolution at photon energy of 130 eV when three surface-related components S1, 
S2, S3 are revealed in the Si 2p spectrum (Fig. 5a). The presence of three surface-related 
components is evident to indicate that we deal with considerable reconstructed areas on the 
Si-rich surface. Considering the Si-rich nature of the SiC(111) one is inclined to assume 
strong similarities between the Si(111) 7x7 and SiC (111) 3x3 reconstructions. In fact, it has 
been proposed in [23] that the 3C-SiC(111) 3x3 reconstruction is energetically favorable, 
taken into account that by the Si enrichment the formation of both the Si-dimers and Si-
adatoms configurations can take place. Three surface components S1, S2, S3 revealed for the 
Si 2p core level correspond well to the full Si adlayer structure model of the SiC (111) surface 
that is characterized by Si- double layers, Si-dimers and Si adatoms located on the surface.  
 
4. Conclusion 
Firstly, electronic structure of the nano-SiC epitaxial layer synthesized by a new method of the atom 
substitution in silicon crystal lattice has been first found using photoemission spectroscopy with 
photon energies in the range of 80 – 400 eV. Photoemission spectra in the VB region and both 
the Si 2p and C 1s core level spectra have been detailed studied for the SiC(111) epitaxial 
low-defect unstressed nano- layer. Secondly, the VB spectrum and both the Si 2p and C 1s 
core level spectra clearly identify the high-quality clean SiC(111) sample with Si-rich surface. 
The surface state near the valence band maximum with a small electron density is found to 
originate from Si surface dangling bands. Thirdly, three surface-related components of the 
Si 2p core level, namely S1, S2, and S3, are revealed in the spectra for the SiC(111) surface at 
lower excitation energy. On the contrary, the one surface-related component of the C 1s core 
level is observed at the major excitation energy. Results support the full Si adlayer structure 
model of the Si(111) surface with Si- double layer, Si-dimers and Si adatoms. 
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